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Abstract

This note gives a first look at non-uniformities in th
in

volume distribution of light element impurities
sputterechiobium films. The film reported here i2000
nm. niobium on an MgO substrategppedwith 200 nm.

of titanium. Wefind evidencefor a corrosion mechanism

involving the initial penetration of th&lm by hydrogen,

followed by oxygen. Possible implications of this for

superconducting radio frequency cavities are discussed.

1 BACKGROUND

There areseveral high energy acceleratoinstallations
using superconductingradio frequency (SRF) cavities
[1,2]. Some (CEBAF, KEK, TTFjorge and weldtheir
cavities from Niobium sheet 2 mm thick, but LEP
CERN usescopper cavities plated insidewith a 1.5
micron thick film of niobium.(The RF fieldspenetrate
only the first few hundred nanometers of
superconductor). There isnuch engineering lore
associatedvith the handling and "conditioning” of SRF
cavities.

Impurities interfere with the RF superconductivity of
niobium, and limit the performance ofboth "bulk"
niobium cavities and "sputter-coated" niobium film
cavities.

Hydrogen content influences both the linead non-linear

Niobium is a getter [5]. It dissolveendtraps gases like
ehydrogenandoxygen,andalso other light elements like
carbon,andnitrogen. Titanium is a better gettand can
be made to clean light element impurities ounbium

by heating the two metals together in a vacuumace

[6].

SRF cavitiesareknown often to fail locallyrather than
globally, and tofail in the same spotepeatedi\{7]. The
site of failure is located by high precisiontemperature
mapping over the cavitgurface whereafter giece of the
cavity wall can be cut out and subjectedsweful analysis
by several techniqueSites offailure due tothe presence
of largeimplants (e.g. tantalum, from poor rollingill
control) or metallic impurity concentrations at the end of a
weld have been identified. Howevehe cause of failure,
even when it occurgepeatedly athe same site, is not
always evident. Often théailure must beassigned to
althermal breakdown", a termsed inthe field to mean
"cause or causes unknown".

the |f the impurity is a gas like hydrogenncethe cavity has

failed and been restored to room temperature, and
especially if the engineering staff haged to "power
process" the cavity [8], the site of failure HBeen subject
to temperatureexcursion, and there is little chance to
investigate further. The question arises whethgas like
hydrogen is distributedinterstitially and uniformly
throughout the niobium superconductor,vdrether it can
exhibit regions of local concentration, whidould be
normal conductinghydrides andhus possiblycontribute
to thermal breakdown.

residual resistance dboth bulk niobium cavities and
sputter-coated copper cavities. The presence of hydrogen in
the niobium in particular is known to be associated with a

non-linearity calledthe "Q-disease" inwhich the residual
surfaceresistance increasesith impressed field, sahat

the cavity's Q (qualityactor) diminishes progressively as
the cavity is run at higheandhigher voltage. Bonin and

Roeth [3] review the experiencewith bulk cavities, and
find a modelwith a uniform surface layer ohydride to
have rather "farfetched" phase transitions, and a
competitor with "hydride islands" to provide insufficient
surface resistance. The CERN group g#perienceshows
the detailedbehaviour of hydrogen's influence @urface
resistance irsputter-coatedavities to beempered by the
existence of an oxide layer othe substratebefore
sputtering.

2 THE PRESENT WORK

The present work is part of a program to investigate the
typical light element content of niobium filnmeagnetron
sputter-coatedonto MgO and sapphire (AJO;) single
crystal substrates. The first filméave been argon
sputtered in avacuum of 10-6 Torrj.e. underindustrial
rather than UHV lab conditions. About 10% adheir
thickness consists of an added layer of titanium, ejphesr
sputteredonto the substrate, goost-sputteredonto the
exposed surface dghe niobium. All films were produced
in the Technical Operations Facility of the Cornéénter
For Materials Research (CCMR) in Clark Hall at Cornell.



We investigated the resultant films bgveral surfacéand appear to go to zero or become erraticiea MgO. This
subsurface) investigation techniques, RRR (Residual appearance is aartifact of the basic process, as the
Resistance Ratio), XRD(X-Ray Diffraction), EDS exposed MgO (an electrical insulator) becordesrged up
(Energy Dispersive Spectroscopgnd AFM (Atomic by the primary cesium ion beam, whose thaduced
Force Microscopy). The relevandata on the films incident energy is insufficient to cause secondary
discussed here are summarized in the Appendix. emission. Note that no corrections have beadafor the
expectedvariation of secondaryemission efficiency with
We have recently begun to study the spatial distribution lobhse material. This variation can be quite =rked,
light elements in filmsdeposited orthe MgO substrate, especially for massivaons like Nb, leading to the
using Secondary lon Mass Spectroscopy (SIMS)erroneousmpression thathere is moreniobium in the
technology. The facility forthis investigation was titanium layer than in the niobium itself.
provided by Professor Stewart Mcintyaad his associates
in the Surface Science Westet8SW) laboratories at the

University of Western Ontario.
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cesium ion beam to etch the surface away, diggingter T e e . "\,.\

as it rastered over a surface 250 micrsgsare Secondary MR AV

ions emitted from the exposed surface were received by ¢, 4, e \
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only crateretching time(yielding the depth Z), but also Number of depth steps from outside cap layer surface.

raster sweep phase (yielditige lateralpositions X,Y).

This allowed the spectrometer to collecand record Figure 1: SIMS profiles of H, C, O, Tand Nb in a heat

concentratiordata intwo modes, alepthprofiling mode, treatedfilm of 2000 nm. Niobium,magnetronsputtered

and a three dimensional imaging mode [9]. onto a MgO substrate, then capped by a 200 lager of
Titanium. Depth steps are approximately 30 nm.

Depth Profiles of Concentration: In its simplest mode the

spectrometer measured aconcentration profile as a

function of depth. Inthis mode the secondaryions of a

specified mass received from the central 60 micron The figureindicates"gettering” of the light elements by

diameter region in the bottom of tlceater were integrated the titanium layer duringthe heat treatment, but also

and recordedperiodically asthe crater depthincreased. some evidencethat the niobium haseducedthe MgO,

Profiles were taken for hydrogen, carbon, oxygenmaking it anunintended source ofxygen near to the

titanium and niobium during the etching of a singtater, substrate depth. This malave happenedduring the

and in all six such multipledepth profile craterswere sputtering operationand will be the subject offurther

etched through this film. study.

3-D Image Distributions: the spectrometer couldalso The hydrogenprofile shows a bump in theoncentration
measureand display an areal image for each selected more than 100 nm. deep. This type of feature is typical of
element akach of a sequence dépths inthe film, thus our other hydrogen profiles, whigxhibit similar bumps
providing lateral as well adepthinformation. The finite but at unrelateddepths, suggesting lumpgather than
spatial resolution indepth due to the plural scattering layers of hydrogen concentration. It was this feature which
physical basis of thesecondaryemission process was led us to make the areal maps to get the 3-D picture.
about 10 nanometers, while the lateral resolutiop to

primary beam size was about 1 microhhree runs

recording3-dimensional distributionsiere madefor both

the hydrogen and oxygen concentration.

Figure 1 shows a typical vertical profile. The niobium has
invadedthe titanium layer. Most of theoncentrations



Figure 2: SIMSarealimages ofHydrogen(left image)
and Oxygen (right image) distributions from a Is{ron
diameter field on a subsurface layer midvthyough the
film's Titanium cap layer.

Figure 2 shows typicabreal images forhydrogen and
oxygen at the third depthmidway through the titanium
layer. They exhibit several very marked local
concentrations of hydrogethe brightest (at 9'clock)
being spatiallycoincidentwith a local concentration of
oxygen. Comparing images taken in sequence of
neighbouring depths shows these bright spots to b
sections through columns bafdrogen,and in the above
notedinstance, oxygen. laddition,within the cap layer
of titanium there is avisible uniform distribution of
oxygen, which disappears atthe titanium-niobium
interface. A similarbut stronger oxygefeature occurs in
the last 20% of the niobium layeadjacent tothe MgO
substrate.

Figure 3A: Pairs of 150 microdiameter SIMS irages
for hydrogen anabxygenevery 30 nm in depth asurface

is etched away. Left column of pairs are the firsd&@ths
sampled, right column is the next 10. Image paiupper
left is at the top of the Teaplayer, andthe pair on the
lower right is deep inthe niobium film. TheTi-Nb
interface is atabout the 7th layer. The contrast and
brightness has been enhanced in the image paifsptis
11 to 20, to give increased sensitivity at greater depth.

Figures 3Aand 3Bshow that most of the columns of
hydrogen dry up before reachingthe niobium layer.
However, once we get through thepurity rich titanium
caplayer, wecan lowerthe detection thresholdnd track
the brightest of them all the way through to the MgO
substrate: two tiny bright spotgppear at ®'clock in the
hydrogen image at every depihtil the MgO substrate is
reached. Mreover, a 9 o'clock brighspot in the
correspondingxygen images is seen @rcompanythis
brightest hydrogen spot as far as the 18th depth, yielding a
column of hydrogen/oxygerwhich penetratesdeep into
the niobium film. Atdepth 43 (towardshe bottom of
column 4 of Figure 3B) the oxygen componegdppears,
and builds up strongly as the substrate is approached.
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Figure 3B: Pairs of 150 microdiameter hydrogemand oxygen SIMS images as in Figure 3A, Huot layers 21
(partway through the Nb layer, upper left) through 70 (entering the insulating substrate, lower right). The brightness and
contrast is enhanced for the image pairs in the low noise region away from the substrate (layers 21 through 59).

The images of the last 18epths nearesthe substrate substrate. Théydrogencolumn goes right througthis
show a much largenvidely dispersed'flare” of oxygen, reservoir region until it reaches the substrate. Its
starting in the images at the bottom of column 6 icompanion column of oxygeoan be followednto the
Figure 3B. Thisindicates a fairlyuniform reservoir of reservoir, but it is eventually lost in it.

oxygen-rich niobium at thevery bottom, next to the



These imagesshow that hydrogen tends toform in

columns. They also suggest that such a column
hydrogen may provide a channel forthe subsequent
absorption of oxygen from theurface (or from some
other reservoir), and itassociatedanigration deepinto the

body of the metal. Some of thesehangesmay have
occurred at room temperature.

These data open many questionsand demandfurther
research.

Were the hydrogen columns formed after the heat
treatment? Surelyhis structure couldnot have survived
30 minutes at 600 CAfter heat treatmenthe samples
were closed inndividual plastic boxes, kept iDryerite
[10]in a larger plastic box for several weeks.

How much of the oxygen which moves up frdralow
actually came from the reduction of the substrate?
Although the free energies of Nbéhd MgOindicatethat
Nb cannot reduce MgO chemicallhe sputteringorocess
is not an equilibrium situatiorandthe Nb atomsarrive
with sufficient kineticenergy to dathis. Wecan put a
limit on the extent of this effect from our surface
resistivity measurements: no more thannd. of the
MgO surface could be reduced in this way.

Why arethe rivers so preciselyertical? Why are they

continuous from the titanium through to the niobiumy_

Any pinhole in the niobium is unlikely to alsmcur in

The absence of lateral hydrogen diffusion awfaym the
obflumns means that theyeprobably in the betaydride
phase, rather than in thieeely diffusingalpha phase [11].
Since the beta phase is known not to muerconductor,
what are the implications of theseoxygen/hydrogen
columns for losses in superconducting RF cavitiés@ld
they contribute to the RFesidual resistance at very low
temperatures? Would a hydrogen/oxygeriumn cause a
"thermal breakdown" in acavity? What non-linearities
would higher RF fields produce? Could the
hydrogen/oxygen migratdaterally, and the columns
coalesce? Wouldany uniformly distributed oxygen and
hydrogen migrate laterally,and coalesceinto columns
underintense RF excitation? Of particular importance is
the questionwhether hydrogen/oxygemrolumns could
serve ascrystallizationcenters forhydrogen inthe beta
phase at venjow temperatures. Perhaps ttibydride
islands" modelwill need to berevisited after further
experimental work.
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4 APPENDIX: FILM DETAILS

In this appendix we give the results of various
measurements on thigm reportedabove. This film was
subjected to a heat treatment at 600 C in a vaduumace

for one half hour. For comparison, wéll also list the
results of measurements on a similar film which was not



heated.The purpose of the heat treatment wasleerve Table 1: Film Characteristics

possible gettering of oxygen from the niobium part of the

film by the titanium, which was in intimate contact with [ Film RRR Po Calculated

it (Measured)| (pohm-cm) Film
Thickness

For the purposed ofidentification, these films are (microns)

designatedI-Ti/Nb-R" (not heated) and-Ti/Nb-S" (heat R 6.1(1) 2.78 1.70

treatment). The latter film is the one reported in the SIM& S 13 (1) 1.20 1.89

measurements in the body of thiepport above. Thélms

will be known as "R" and "S" henceforth in what follows.

The "R" film is intended only for comparison. The heat treatment gettering appears to have improved the
RRR by afactor oftwo. The filmscould havevaried in

The niobium film wassputteredonto the magnesium thickness enough to account for the discrepancy in the last

oxide subgra_te crystal with a substrﬁmperatur.e of 600 column. Addition of a titanium cap layer should be only a

C, the titaniumcap layerwas thenadded with the 3% effect at ¢ ‘ THEIM "S" has th

Niobium film and substrate at room temperature. 7 efiect atroom temperature. m as the
highest value of RRR we have ever measured.

It is rather surprising that the niobiuatioyeditself with
the titanium at theatherlow treatmenttemperature of Although our SIMS measurementsve not yet been

600 C and in the short time of one half hour. The _ o o .
calculated diffusion distance okygen in niobium athis calibrated togive quantitative concentration information,

temperature and fdhis time is 24 microns (rmsgnd in &N OXygen + carbon + nitrogen impurity content of 1000
B-titanium, 16.4 microns. This means that tideal PPM (atomicfraction) would contribute approximately
heating timecould perhaps have bedess thanfive 0.5uohm-cm top,. We have found the regnds to come
minutes. We were limited by the furnace toather longer mainly from grainboundaryscattering, which igxpected

t!me_, howeve.r. Furthermore, the fitanium is !n|t|q|iy to dominate the residual resistivity for thin films.
titanium, which has a muchower oxygen diffusion

constant (about 1/2 micron). Whalioyedwith niobium,
the structurechanges to § structure, withconsequent
faster diffusion. We expect very little diffusion tifanium
into niobium [12]. This is consistent with the
experimental SIMSresults, and what hasbeen seen on
other samples. We do nekethe formation of Ti/Nb
alloy at 500 C.

The EDS analysis, using X-rays excited by KeV electrons,
confirmedthe lack of heavy element purities in the
niobium part of the film. We typicallffind the chief
impurity to be about 400 PPM of tantalum. It also
showed no trace (less than .04 wt %) of argon in fiBh,

in contrast with other films whave sputteregvith lower
substrate temperatures. The EDS was not sensitive to the

. . resence of light elements in trace amounts.
X-ray diffraction measurements show thttere was no P 9

trace of ana phase in théheatedfiim (S), while this

phase is clearlyisible in theunheatedfim (R). In a
separateexperiment on anothefilm, the XRD results
indicate the a-Ti phasestill remains if the furnace
temperature isonly 500 C. The a-> B transition
temperature of pure titanium is 886 C, so phesence of
the niobium has a strong influence on this transition.

Figure 4 shows a contact AFM picture of tfaxidized)
surface of a baraiobium film (no Ticap layer)prepared
in the same series as "S". Since the filwese exposed to
air between deposition dhe niobium and the titanium,
"S" was oxidized too. An oxygenlayer atthe Ti/Nb
interfaceshows up in SIMSdepth profiles of unheated
films, but is not evident in Figure Because'S" 's oxide

. o ) layer was dissolved during heat treatment.
The ratio (RRR) of the resistivity of these films at room y g

temperature to the resistivity at just above the
superconductingransitiontemperaturgabout 10 K) was
measuredFrom these measurements, wan extract a
residual resistivity p,. From the room temperature
resistivity, we can calculate a film thickness if we assu
a nominal value for theesistivity. The resultdor these
films are given in Table 1.

The AFM picture covers aareaabout 1 micronsquare.
The grains appear to be roughly ellipsoidal, with a minor
axis about 80 nmand amajor axis about 160 nm. The
average grain size in tHeody ofthe film will be smaller
Mfian is seen on the surface.
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Figure 4. Contact AFM shows grain size on bare niobium surface of an uncapped film of the same batch as film "S".
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